Abstract: Desulphurization of oil-based fuels is common practice to mitigate the ecological burden to ecosystems and human health of SO x emissions. In many countries, fuels for vehicles are restricted to 10 ppm sulphur. For marine fuels, low sulphur contents are under discussion. The environmental impact of desulphurization processes is, however, quite high: (1) The main current source for industrial hydrogen is Steam Methane Reforming (SMR), with a rather high level of CO 2 emissions, (2) the hydrotreating process, especially below 150 ppm, needs a lot of energy. These two issues lead to three research questions: (a) What is the overall net ecological benefit of the current desulphurization practice? (b) At which sulfphur ppm level in the fuel is the additional ecological burden of desulphurization higher than the additional ecological benefit of less SO x pollution from combustion? (c) To what extent can cleaner hydrogen processes improve the ecological benefit of diesel desulphurization? In this paper we use LCA to analyze the processes of hydrotreatment, the recovery of sulphur via amine treating of H 2 S, and three processes of hydrogen production: SMR without Carbon Capture and Sequestration (CCS), SMR with 53% and 90% CCS, and water electrolysis with two types of renewable energy. The prevention-based eco-costs system is used for the overall comparison of the ecological burden and the ecological benefit. The ReCiPe system was applied as well but appeared not suitable for such a comparison (other damage-based indicators cannot be applied either). The overall conclusion is that (1) the overall net ecological benefit of hydrogen-based Ultra Low Sulphur Diesel is dependent of local conditions, but is remarkably high, (2) desulphurization below 10 ppm is beneficial for big cities, and (3) cleaner production of hydrogen reduces eco-cost by a factor 1.8-3.4.
Introduction

SOx Pollution
During combustion of fuels, sulphur is transformed to a mixture of SO 2 and SO 3 . Emissions of these exhaust gases into the atmosphere have potentially harmful effects on human health as well as natural ecosystems. Negative effects on human health are respiratory diseases [1, 2] as well as cardiovascular diseases related to secondary fine particles PM2.5 [3] [4] [5] . Negative effects on natural ecosystems are the acidification of water and soil by acid rain: Many species cannot live in an environment at a lower pH level (e.g., vascular plants, trees, fish) [6, 7] . Due to carbonate buffering, focused on C-footprint results. Only a few give the full range of the other emissions as well (acidification, eutrophication, et cetera). SMR, the current state-of-art technology for hydrogen production, is almost always taken as the reference case. A very comprehensive and recent review on this topic is given by Valente et al. [22] . Here 139 original case studies of renewable hydrogen, published until April 2016, were counted (nearly all of them on carbon footprint only). About half of the samples could be harmonized, leading to a rather consistent view on various routes of hydrogen production: Thermochemical processes (SMR, autothermal reforming, partial oxidation, gasification), electrochemical processes (water electrolysis-PEM, alkaline, and high temperature) and biological processes (fermentation of biomass). Overall, water electrolysis with wind and hydropower allows producing H 2 with the lowest C-footprint (below 1 kg CO 2 eq/kg H 2 ) [23] . Mehmeti et al. [24] found electricity to be the major contributor to the environmental impact of hydrogen from electrolytic processes not only in terms of global warming but also for all the considered midpoint impact categories. Chui et al. [25] applied an analytic hierarchy method to rank 11 different pathways of H 2 production systems based on two main technologies: SMR and water electrolysis, with nine different kinds of renewable and fossil electricity. Again, water electrolysis with hydroelectric power was found as the most preferred pathway. Life-cycle assessment studies for by-product hydrogen, such as chlor-alkali electrolysis and steam cracking of natural gas liquids [26, 27] , also show a very significant reduction of GHG emissions compared to SMR. Even in the case of the most convenient scenario, the C-footprint of hydrogen could not reach values below production of hydrogen from water electrolysis.
Knowledge Gap, Research Questions, and the Structure of This Paper
While several subprocesses, such as hydrogen production and HDT, have been studied, LCA benchmarking on the combined subprocesses is not available yet. Moreover, the environmental burdens of the desulphurization processes have never been compared to the environmental gains of the reduction of the SO 2 emissions.
The research questions (RQs) of this paper are: RQ 1. What is the overall net ecological benefit of the current desulphurization practice (ULSD via H 2 from SMR)? RQ 2. At which S ppm level in fuel does the additional ecological burden of desulphurization become higher than the additional ecological benefit of less SO x pollution from combustion? RQ 3. To what extent can cleaner hydrogen processes improve the overall net ecological benefit of diesel desulphurization?
This paper first describes the product systems and the sources of LCI (Life Cycle Inventory) data (Section 2.1). Then the indicators, which are applied for the comparison of the ecological burden and the ecological benefit, are given in Section 2.2. The results of the analyses are in Section 3: First the comparison of the ecological benefit (i.e., the avoided SO 2 emissions) and the ecological burden of the current system (Section 3.1), then the comparison with future improvements for the production of hydrogen (Section 3.2). In the Discussion we address the issue of the local vulnerability for SO 2 (Section 4.1), as well as the issue of the source of electricity (Section 4.2) and economic feasibility (Section 4.3). The research questions are answered in the conclusion (Section 5).
Methods
The System under Study
Our starting scenario ('the past') is depicted in Figure 1 : Without desulphurization of diesel all the sulphur in the fuel ended up in nature. scenarios. The step 'fractionation' has been inserted to maintain coherence with the process scheme of the publication we used as the source of the HDT/HDS data [20] .
In our base case ('the present' scenario) we add the HDT/HDS unit in between the distillation of crude oil and the fractionation step ( Figure 2 ). The HDT/HDS unit has two products: (1) The feed to the fractionation step, which gives S-free naphtha and desulphurized diesel, and (2) the H2S-containing gaseous stream. This sour gas is treated with amines. Finally, sulphur is recovered (99.8% typical recovery efficiency) via the Claus process (Sulphur Recovery Unit, SRU). Table S1 of the Supplementary Materials.
The HDT/HDS process requires hydrogen. In the 'present scenario' hydrogen is produced via SMR (without CCS), in the 'future scenario' via SMR + CCS or via alkaline water electrolysis (AEL).
Extraction, desalting, and distillation of crude oil are outside the boundary of the system under study. These processes have been excluded from the analysis since they are identical in all explored scenarios. For the same reason, the CO2 emissions from the combustion of diesel and naphtha products in the use phase have been excluded. Other processes excluded from the analysis are Figure 1 . The system of departure ('past scenario'): No desulphurization. 'Feedstock' indicates the feed to the hydrotreating/hydrodesulphurization (HDT/HDS) step in the 'present' and 'future' scenarios. The step 'fractionation' has been inserted to maintain coherence with the process scheme of the publication we used as the source of the HDT/HDS data [20] .
As a consequence, we calculate the reduction of sulphur in the fuel as 'avoided pollution'. We call this avoided pollution 'ecological benefit'. This benefit is then compared to the additional environmental burden (consumed resources and emissions) required to desulphurize diesel. We call those burdens the 'ecological burden' of the required processes for desulphurization. In other words, the 'ecological benefit' as well as the 'ecological burden' refer to the comparison between the past scenario (without desulphurization) and the present or the future scenarios (with desulphurization).
In our base case ('the present' scenario) we add the HDT/HDS unit in between the distillation of crude oil and the fractionation step ( Figure 2 ). The HDT/HDS unit has two products: (1) The feed to the fractionation step, which gives S-free naphtha and desulphurized diesel, and (2) the H 2 S-containing gaseous stream. This sour gas is treated with amines. Finally, sulphur is recovered (99.8% typical recovery efficiency) via the Claus process (Sulphur Recovery Unit, SRU). scenarios. The step 'fractionation' has been inserted to maintain coherence with the process scheme of the publication we used as the source of the HDT/HDS data [20] .
In our base case ('the present' scenario) we add the HDT/HDS unit in between the distillation of crude oil and the fractionation step ( Figure 2 ). The HDT/HDS unit has two products: (1) The feed to the fractionation step, which gives S-free naphtha and desulphurized diesel, and (2) the H2S-containing gaseous stream. This sour gas is treated with amines. Finally, sulphur is recovered (99.8% typical recovery efficiency) via the Claus process (Sulphur Recovery Unit, SRU). The HDT/HDS process requires hydrogen. In the 'present scenario' hydrogen is produced via SMR (without CCS), in the 'future scenario' via SMR + CCS or via alkaline water electrolysis (AEL).
Extraction, desalting, and distillation of crude oil are outside the boundary of the system under study. These processes have been excluded from the analysis since they are identical in all explored The HDT/HDS process requires hydrogen. In the 'present scenario' hydrogen is produced via SMR (without CCS), in the 'future scenario' via SMR + CCS or via alkaline water electrolysis (AEL).
Extraction, desalting, and distillation of crude oil are outside the boundary of the system under study. These processes have been excluded from the analysis since they are identical in all explored scenarios. For the same reason, the CO 2 emissions from the combustion of diesel and naphtha products in the use phase have been excluded. Other processes excluded from the analysis are production/disposal of catalysts, treatment of sour water, amine make-up for the amine-treating process, construction and dismantling of operating units, as well as the use of recovered sulphur or other co-products (steam from sulphur recovery unit and fuel gas from amine treating).
For the HDT process, LCI data were taken from a recent publication by Wu et al. [20] . This includes two series of simulation data referring to an industrial HDT process with a processing capacity of 381 ton/h feed (1.57 wt% S, 155 ppm N) and a combined production of 334 ton/h diesel (40 ppm S, 15 ppm N) and 41 ton/h naphtha (<10 ppm S, <5 ppm N). The first series considers a feedstock with variable S content (from 1.3 to 1.8 wt%) which is converted into diesel with a constant S content of 38 ppm wt and sulphur-free naphtha. The second series refers to a feedstock with constant S content (1.57 wt% S) which is used to produce diesel with S content variable between 7 and 319 ppm wt and sulphur-free naphtha.
The required utilities for the HDT process are listed in Table S1 of the Supplementary Materials. These data were complemented by typical average consumption and emissions figures for (1) the amine treating unit and (2) the Sulphur Recovery Unit (SRU). Both set of data (see Table S2 of the Supplementary Materials) were derived from Barthe et al. [12] .
For the hydrogen production via SMR technology, with and without CCS, LCI data were taken from the IEAGHG Technical Report 2017-2 [16] . Among the six cases investigated in that study we selected the following three:
•
Base case: SMR (9.0 ton/h H 2 ) without CCS. The plant is equipped with feedstock pretreatment, pre-reformer, primary reformer, high temperature shift, and pressure swing adsorber (PSA) for H 2 -purification. Excess steam is converted into electricity, which is used to satisfy the plant needs. The excess power is exported to the grid.
Case 2B: SMR with CO 2 capture from the PSA tail gas using cryogenic and membrane separation technology (53% CO 2 capture). Nowadays, there are several IG companies who have developed the cryogenic separation technology. In particular it should be noted that the Port-Jérôme project is the first large scale pilot demonstration of the CRYOCAP ™ technology to capture CO 2 from the hydrogen plants.
• Case 3: SMR with CO 2 capture from the SMR's flue gas using MEA (monoethanolamine) for chemical absorption (90% CO 2 capture).
Details for SMR with and without CCS are given in Table S3 of the Supplementary Materials. For hydrogen production via water electrolysis, LCI data from a recent publication by Koj et al. were used [28] . This refers to a pressurized 6 MW alkaline electrolysis (AEL) system with a novel Zirfon membrane, studied in a recent European research project [29] . Beside the electrolyser itself, auxiliary system components (balance of plant) were included. The complete LCI and associated eco-costs are in Table S4 of the Supplementary Materials.
The data listed above were complemented with data of standard background systems from the Ecoinvent database (version 3.4) and from the Idematapp2018 database of the Delft University of Technology. Selected key data are provided in Table S5 of the Supplementary Materials.
The Choice of the LCA Indicators
Since the common denominator of the three research questions is that a trade-off of different aspects (i.e., different 'midpoints' in LCA) must be made, it was decided to apply two 'endpoint' The ReCiPe system [30] is one of the most applied damage-based indicator systems; however, it has two general disadvantages: (1) The pathway in the computer calculation is rather long and has many assumptions, making such a calculation rather inaccurate [31] , and (2) it ends up with three endpoints, i.e., 'damage to human health', 'damage to ecosystems', and 'damage to resource availability'. Adding up these three damage endpoints can only be done by either an extra monetizing step (which is rather problematic) or subjective weighting panels. Due to the subjectivity, the use of panels is discouraged by the ISO 14044, Section 4.4.5. Note that this issue is not restricted to ReCiPe: Other damage-based systems (e.g., IMPACT 2002+) suffer from this issue as well.
The eco-costs 2017 [32, 33] has the advantage of a much shorter pathway from midpoint to endpoint level and has the advantage of one endpoint (one single indicator). The eco-costs endpoint is the total score for the eco-costs of carbon footprint, plus the eco-costs of human toxicity, plus the eco-costs of eco-toxicity, plus the eco-costs of resource scarcity [34] . See Appendix A for a short description. Especially in comparisons such as in this paper (e.g., the CO 2 emissions of H 2 production versus the avoided SO 2 emissions), one single (endpoint) indicator seems to be indispensable. The eco-costs system is not only used in LCA benchmarking. It has been recently also used in slightly different applications, such as calculations on so-called external costs [35] and calculations on eco-efficiency [36] . Figure 3 compares the avoided burden associated to the avoidance of SO 2 emissions with the environmental burden associated to the hydrodesulphurization of 1 ton of diesel. The eco-costs 2017 system is applied as a single indicator. Thus, this figure depicts the 'eco-costs of production' and the 'avoided eco-costs', associated with the production and use of desulphurized diesel, respectively. The case considered is the stepwise removal of sulphur from the initial concentration of 1.57% to the end concentration of 7.4 ppm, in ten steps. Eco-costs are called 'additional' when they refer to each step of the desulphurization process and are called 'overall' when they refer to the sum of those steps (the 'overall' desulphurization process). The calculation has been made for the 'present scenario' (hydrogen from SMR without CCS) using the 'past scenario' (no desulphurization) as baseline. These data clearly demonstrate that the 'overall' process of desulphurization (i.e., the sum of ten steps from 1.57% to 7.4 ppm S in Figure 3 ) appears highly beneficial with a ratio 'avoided eco-costs':'eco-costs production' of 18. This means that the environmental impact of hydrogen production is much lower than the environmental benefit of avoiding SO 2 emissions by cars. These figures are calculated for the present scenario with hydrogen from SMR without CCS. In Section 3.2 we calculate the ratio 'avoided eco-costs':'eco-costs production' for four future scenarios (with H 2 produced either via SMR/CCU or via water electrolysis) leading to values up to 64.
Results
A Comparison of the Ecological Burden and the Ecological Benefit of the Present Production System
The 'additional' ecological burden of desulphurization up to 38 ppm is significantly below the 'additional' ecological benefit for avoided SO 2 emissions. However, for the last step, from 38 to 7.4 ppm S, the 'eco-costs of production' is close to the corresponding 'avoided eco-cost': The ratio 'avoided eco-costs':'eco-costs production' for this last step is 1.4. The conclusion may be that desulphurization below circa 10 ppm is not or hardly beneficial from the environmental point of view.
To check the dependency of the aforementioned conclusions on the eco-costs system, the calculations have also been done in the ReCiPe indicator system. Here we end up with three results for the three endpoints (see Figures 4-6 ). The 'additional' damage in the production phase of desulphurized diesel (red bars) and the 'additional' avoided damage in its use phase due to avoided SO 2 emissions (green bars). Case of an initial HDS feedstock with 1.57% S concentration. Data at the x-axis are the stepwise decrease of S concentration in diesel in ppm. Note: The damage to ecosystems of SO 2 is 2.12 × 10 −4 species × year/ton SO 2 . Figure 5 . Results for the ReCiPe endpoint of 'damage to human health': The 'additional' damage in the production phase of desulphurized diesel (red bars) and the 'additional' avoided damage in its use phase due to avoided SO 2 emissions (green bars). Case of an initial HDS feedstock with 1.57% S concentration. Data at the x-axis are the stepwise decrease of S concentration in diesel in ppm. Note: The damage to human health of SO 2 is 1.82 × 10 −1 DALY/ton SO 2 . Figure 6 . Results for the ReCiPe endpoint of 'damage to resource availability': The 'additional' damage in the production phase of desulphurized diesel (red bars) for an initial HDS feedstock with 1.57% S concentration. Data at the x-axis are the stepwise decrease of S concentration in diesel in ppm. Note that there is no benefit for resource availability due to SO 2 avoidance.
A key observation is that also in the ReCiPe system the 'overall' desulphurization process appears highly beneficial for both ecosystem quality and human health: The ratio 'avoided ecological burden':'ecological burden production' is 17 and 38, respectively.
However, a remarkable conclusion of Figure 4 is that at the last desulphurization step (38 ppm S to 7.4 ppm S) the ReCiPe score of 'damage to ecosystems' is higher than the score of 'avoided damage'. This indicates an 'overshoot' in purifying diesel for the original issue of 'acid rain'. For 'damage to human health' ( Figure 5 ) the damage is marginally lower than the avoided damage in the last desulphurization step. So, from the point of view of human health, the current practice of Ultra Low Sulphur Diesel seems to be acceptable.
The real problem with ReCiPe, and similarly with all other LCA damage-based methods, however, is that you cannot compare (or add up) the data of Figures 4-6 since the units at the y-axis are different. The importance of 'human health' versus 'ecosystems', versus 'resource scarcity' in ReCiPe is not known: It depends on the personal view on 'what is important' (subjective paradigm). As an example: People that would regard resource scarcity as the most important issue in sustainability would conclude that desulphurization as such should be limited, since it has no credit in the system (see Figure 6) . In other words, to draw any conclusion, it is required to know the relative importance of resource scarcity, human health, and eco-toxicity in the system. For the same reason, it is not possible to assess the damage of greenhouse gases in one damage-based single indicator [37] . In damage-based systems there are two solutions to resolve the problem (however, not introduced in ReCiPe 2016): (1) Adding a step for monetization of the damage [37, 38] and (2) adding a subjective panel weighting system, e.g., the panel weighting system of the ReCiPe 2008 or the Eco-indicator 99 system [39] . In 2019 the panel-based weighting system of ReCiPe 2008 was re-introduced in ReCiPe 2016 to allow for single score results, applying 6 global normalization + weighting sets. These 6 sets of factors, however, result in a wide variety of indicator scores; a range of 20-40 for CO 2 and SO 2 , which makes conclusions highly dependent on the choice of the normalization + weighting set. Wu [21] used the Eco-indicator 99 to calculate the environmental impact of desulphurization. These calculations suggest that the 'overall' environmental impact was bigger than the credit for sulphur concentrations in diesel below 12 ppm. Probably the 'Europe H/A' was used: The choice of another normalization + weighting set had generated other conclusions.
For the aforementioned reasons we decided to do the analyses of the next section only in the eco-costs system (the prevention-based, monetized, single indicator as mentioned in Section 2.2, and explained in Appendix A).
A Comparison of Present and Future Production Systems
Improvement of the production system for Ultra Low Sulphur Diesel is possible by lowering the environmental burden of the production of H 2 . There are two types of solutions, which are already technically feasible but generally more expensive than SMR [40] : (1) CCS of the CO 2 emissions of SMR and (2) electrolysis of water with renewable electricity. Table 1 and Figure 7 show the results of the eco-cost calculations on these alternatives, compared to the present scenario. The considered case is the 'overall' process of desulphurization of a feedstock with 1.57% S to 7.4 ppm S diesel. The avoided eco-costs associated to avoided SO 2 is 313 € per ton diesel for all cases. The eco-cost of H 2 is the major contributor to the total eco-cost. Only for electrolysis with hydropower (Alpine or from Norway) does the eco-cost of amine treatment appear to be higher. The ecological burden of amine treatment is governed by the required steam and cooling water (see Table S2 in the Supplementary Materials). The 'avoided eco-costs' to 'eco-costs production' ratio of the system progressively increases by a factor 3 (from 18 to 64) while the contribution of hydrogen to the 'overall' eco-cost decreases from 64% to 24%. For the present scenario, additional details and results for changing concentrations of S in the diesel product can be found in the Supplementary Materials (Table S6 and Figure S1a,b) . Table 1 . Comparison of the 'overall' eco-costs of production of desulphurized diesel of the present system and the alternatives for the future. 'Overall' desulphurization from 1.57% S in the feedstock to 7.4 ppm S in the diesel. Comparison of eco-cost of diesel production for present scenario and future scenarios. 'Overall' desulphurization from 1.57% S in the feedstock to 7.4 ppm S in the diesel. Table 2 shows, for the present scenario, the 'overall' effect of an increasing concentration of sulphur in the oil feedstock at parity of S content in the diesel (38 ppm wt). The major contributor of 'eco-cost production' is again hydrogen production (66%). The eco-cost of hydrogen increases linearly with the S concentration in the feed but at a slower pace than the 'avoided eco-cost' associated with avoided SO 2 emissions. As a consequence, the ratio between 'avoided eco-costs' and 'eco-costs production' of the system increases from 17 to 20. Further details are in Table S8 and Figure S2 of Supplementary Materials.
SCENARIO (1.57% S in Feed to 7.4 ppm S in Diesel)
Overall, we conclude that the net effect of desulphurization of diesel using hydrogen is environmentally beneficial and that the transition to a more environmentally friendly production of hydrogen is key for further improvement of the sustainability of clean fuels. Table 1 . Comparison of the 'overall' eco-costs of production of desulphurized diesel of the present system and the alternatives for the future. 'Overall' desulphurization from 1.57% S in the feedstock to 7.4 ppm S in the diesel. 
SCENARIO (1.57% S in Feed to 7.4 ppm S in
Discussion
The Issue of Local Damage
It is common practice in LCA to work with one score for acidification (SO 2 emissions), and with one score for the damage to human health (secondary fine dust from SO 2 ). For both situations, however, the cause-effect pathway is dependent on the local situation.
Due to carbonate buffering, some areas are less prone to acidification than others. This was first studied in [8] , and later converted to so-called midpoint tables in LCA [9, 10] . In the eco-costs system, the midpoint table of [10] is incorporated to enable local calculations. Production of diesel happens all over the world, and via logistic transport and storage systems there is no direct relationship between the place of production and the place of combustion. Therefore, for the production of desulphurized diesel, it makes sense to apply one average score for SO 2 . For the credit of the avoided SO 2 emissions, however, it may make sense to take carbonate buffering into account, leading to the correction factors of Table 3 for the SO 2 credit. Thus, for the present desulphurization scenario investigated in this paper, the ratio between the 'overall' 'avoided eco-cost' and the 'overall' 'eco-cost of production' ranges from 1.5 (= 18 × 0.082) for southern countries such as Spain and Italy, to 18 (average), to 62 (= 18 × 3.45) for Norway. A similar issue is the local damage of human health by secondary fine dust. When SO 2 is emitted in cities, more humans are affected than when it is emitted in rural areas. Since diesel is produced and distributed of all over the world, for the production of desulphurized diesel it makes sense to apply one average score for secondary fine dust SO 2 particles. For the credit of the avoided SO 2 emissions, however, it may make sense to take the local density of population into account [42] , leading to the correction factors of Table 4 for the SO 2 credit. Table 4 . City factors (health damage factors for fine dust PM2.5, per kg SO 2 ) to correct for the linear population density (a high factor means high damage to human health). Note: the norm city has a theoretical size of 2 million inhabitants and 200 km 2 urbanized area, based on parametrization of 3600 world's largest cities. Table 4 shows that the environmental benefit for avoiding SO 2 is a factor 2.71 to 2.79 higher for the cities Paris and London, respectively, compared to the average global score being the average of normal city and rural areas. For the present desulphurization scenario, the ratio between the human health 'avoided eco-cost' and the 'eco-cost of diesel production' ranges from 4 (= 18 × 0.22) for rural areas, to 18 (average), to 39-50 (18 × 2.17-18 × 2.79) for Paris and London. This means that, for these cities, it would make sense to purify diesel further below 10 ppm S. However, that would result in an overshoot of purification in the last step of Figure 3 . The solution would be to produce special diesel for these cities, which is to be enabled by applying new technologies [43] , and requires more sophisticated logistics for the distribution system. The total quantity of vehicles using diesel in cities, combined with the total quantity of people that suffer from the toxic emissions, will more than justify further purification of diesel in these cities.
The Issue of the Source of Electricity
Electricity in LCA always requires a bit of a nasty choice. For European cases, LCA practitioners normally make a choice between: (1) The average on the European grid of ENTSO-E, (2) the average of the grid inside a country, and (3) the data from the nearest power plant. This choice is subjective, since there is no direct physical relationship between the user of electricity from the grid and the supplier.
In our case, for the SMR and SMR + CCS scenarios, we took the average electricity from the ENTSO-E grid. It might be argued that some diesel comes from other continents, but we decided to neglect that effect.
For the electricity in the future cases of H 2 production by renewable energy, we assumed that there is a direct financial relationship between the specific producer of electrical power and the producer of the H 2 (as owner/shareholder or as owner of a Guarantee of Origin certificate).
The Issue of the Economic Feasibility
In eco-costs, the environmental gain of CCS with 90% CO 2 capture compared to SMR is a factor of 1.8 (see Table 1 : 16.9/9.5 = 1.8). The best gain is reached by electrolysis, using hydropower: A factor of 3.4 compared to SMR without CSS (see Table 1 : 16.9/4.9 = 3.4).
Cleaner production systems for H 2 (i.e., CCS or electrolysis) are technically feasible, but have the disadvantage of production costs levels that currently are too high: For 90% CCS this is circa 1.84 €/kg H 2 , resulting in a CO 2 avoidance cost of 70 €/ton CO 2 [16, 44] . Given the current CO 2 emission allowance price of circa 20 €/ton (December 2018) at the EU Emission Trading System, the CSS is not economically feasible. However, CCS comes within commercial reach in the period 2030-2050, when the emission rights are expected to climb above 70 €/ton [45, 46] . Before 2030, subsidies are required to implement these cleaner production systems.
Conclusions
With regard to the research questions of Section 1.3, the following conclusions can be drawn: RQ 1. What is the overall net ecological benefit of the current practice of desulphurization (ULSD and H 2 from SMR)?
Ultra Low Sulphur Diesel obtained by hydrogen treatment (HDS) has a remarkably positive 'overall' effect on ecosystems as well as human health (in the eco-costs 2017 system as well as in ReCiPe 2016). This conclusion remains valid even if the required hydrogen is produced via state-of-art SMR technology. The ratio between 'avoided eco-costs of human health' and the 'eco-cost of diesel production' ranges from 4 for rural areas, to 18 (average), to 39-50 for Paris and London. For ecosystems, this ratio ranges from 1.5 for southern European countries, to 18 (average), to 62 for Norway. RQ 2. At which S ppm level in diesel does the additional ecological burden of desulphurization become higher than the additional ecological benefit of less SO x pollution from combustion?
The point at which it can be concluded that we have overshot in diesel purification depends a bit on the indicator that is applied. In general, it can be concluded that further purification below 10 ppm S becomes doubtful. However, in crowded cities, values even below 10 ppm can be beneficial on a local level (however, that would require local distribution of extremely clean diesel). RQ 3. To what extent can cleaner hydrogen processes improve the ecological benefit of diesel desulphurization?
A cleaner hydrogen process, by applying CCS technology to SMR or even better by producing H 2 via water electrolysis, leads to considerable savings with regard to environmental pollution, since the current practice of production of hydrogen via SMR accounts for circa 60% of the 'overall' eco-costs of the production of Ultra Low Sulphur Diesel.
This study shows that trade-off decisions, which are needed in this kind of analysis (SO 2 emissions versus CO 2 emissions and/or resource scarcity), cannot be taken on the basis of the current damage-based indicator systems for LCA, like ReCiPe 2016. The eco-costs system fully supports LCA benchmarking for decision taking in these kinds of dilemmas.
It is not expected that cleaner production systems (e.g., CSS) for H 2 will become economically feasible before 2030, which means that before that year governmental subsidies will be required to implement cleaner production systems.
Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/11/8/2184/s1. Table S1 : Utilities in the HDT process. Top: Feed with variable S content converted into S-free naphtha and diesel with a constant S content (38 ppm wt). Bottom: Feed with constant S content (1.57 wt%) used to produce S-free naphtha and diesel with variable S content. Data from Wu et al. [20] . Table S2 : Utilities and eco-costs of Amine Treating and Sulphur Recovery processes. Data for consumption by Barthe et al. [12] . Table S3 : SMR + CCS cases: Consumption, production, and CO 2 emissions figures. Data from IEAGHG Technical Report 2017-02, Table 2 therein [16] . Table S4 : LCI and eco-costs for hydrogen from water alkaline electrolysis (AEL). The entire AEL life cycle corresponds to 19,588,000 kgH 2 = (20 y) × (8300 h/y) × (118 kg H 2 /h). Eco-costs are calculated for two electricity scenarios: Windmill and hydropower. Quantities of materials from Koj et al. [28] . Table S5 : Background LCI data. Table S6 : 'Overall' 'eco-costs of production' and 'avoided eco-cost' for the desulphurization of a feedstock with 1.57 wt% S to diesel with variable S content. Figure S1a ,b: Desulphurization of a feedstock with 1.57 wt% S to diesel with variable S content using H 2 from SMR: 'Overall' 'eco-cost of production' (a) and 'additional' 'eco-cost of production' (b). Table S8 : 'Overall' 'eco-cost of production' and 'avoided eco-cost' for the desulphurization of a feedstock with variable S content to a 38 ppm S diesel. Figure S2a ,b: Desulphurization of a feedstock with variable S content to diesel with 38 ppm S using H 2 from SMR: 'Overall' 'eco-cost of production' (a) and 'additional' 'eco-cost of production' (b). For emissions of toxic substances, the following set of characterization factors (marginal prevention costs) is used in the eco-costs 2017 system, see Table A1:   Table A1 . Midpoint characterization factors in the eco-costs 2017 system, Version 1. In addition to the abovementioned eco-costs for emissions, there is a set of eco-costs to characterize the 'midpoints' of resource depletion:
 Eco-costs of abiotic scarcity (metals, including rare earth, and fossil fuels)  Eco-costs of land-use change (based on loss of biodiversity, of vascular plants and mammals, used for eco-costs of tropical hardwood)  Eco-costs of water scarcity (based on the midpoint Water Stress Indicator (WSI) of countriesʹ ecocosts of landfill) Figure A1 . The total eco-costs system in Life Cycle Assessment (LCA) [34] .
For emissions of toxic substances, the following set of characterization factors (marginal prevention costs) is used in the eco-costs 2017 system, see Table A1 : Table A1 . Midpoint characterization factors in the eco-costs 2017 system, Version 1.5. The characterization ('midpoint') tables which are applied in the eco-costs 2017 system, are recommended by the ILCD:
Eco-Costs of Equivalent
• IPPC 2013, 100 years, for greenhouse gasses • USETOX 2, for human toxicity (carcinogens) and ecotoxicity • ILCD, for acidification, eutrophication, and photochemical oxidant formation (summer smog) • UNEP/SETAC 2016, for fine dust PM2.5 (for PM10 the default factors of the ILCD Midpoint+ are used)
In addition to the abovementioned eco-costs for emissions, there is a set of eco-costs to characterize the 'midpoints' of resource depletion:
• Eco-costs of abiotic scarcity (metals, including rare earth, and fossil fuels) • Eco-costs of land-use change (based on loss of biodiversity, of vascular plants and mammals, used for eco-costs of tropical hardwood) • Eco-costs of water scarcity (based on the midpoint Water Stress Indicator (WSI) of countries' eco-costs of landfill)
The abovementioned marginal prevention costs at midpoint level can be combined to 'endpoints' in three groups, plus global warming as a separate group:
• Eco-costs of human health = the sum of carcinogens, summer smog, and fine dust • Eco-costs of ecosystems = the sum of acidification, eutrophication, and ecotoxicity • Eco-costs of resource scarcity = the sum of abiotic depletion, land-use, water, and landfill • Costs of global warming = the sum of CO 2 and other greenhouse gases (the GWP 100 table) • Total eco-costs = the sum of human health, ecosystems, resource scarcity, and global warming.
Since the endpoints have the same monetary unit (e.g., euro, dollar), they are added up to the total eco-costs without applying a 'subjective' weighting system. This is an advantage of the eco-costs system (see also ISO 14044 The eco-costs of global warming (also called eco-costs of carbon footprint) can be used as an indicator for the carbon footprint. The eco-costs of resource depletion can be regarded as an indicator for 'circularity' in the theory of the circular economy. However, it is advised to include human toxicity and eco-toxicity and include the eco-costs of global warming in the calculations on the circular economy as well. The eco-costs of global warming are required to reveal the difference between fossil-based products and bio-based products, since biogenic CO 2 is not counted in LCA (biogenic CO 2 is part of the natural recycle loop in the biosphere). Therefore, total eco-costs can be regarded as a robust indicator for cradle-to-cradle calculations in LCA for products and services in the theory of the circular economy. Since the economic viability of a business model is also an important aspect of the circular economy, the added value of a product-service system should be part of the analysis. This requires the two-dimensional approach of Eco-Efficient Value Creation as described on the Wikipedia page on the model of the ecocosts/value ratio, EVR.
The Delft University of Technology has developed a single indicator for S-LCA as well, the so-called s-eco-costs, to incorporate the sometimes appalling working conditions in production chains (e.g., production of garments, mining of metals). Aspects are the low minimum wages in developing countries (the 'fair wage deficit'), the aspects of 'child labour' and 'extreme poverty', the aspect of 'excessive working hours', and the aspect of 'OSH (Occupational Safety and Health)'. The s-eco-costs system has been published in the Journal of Cleaner Production.
